We report about a novel scheme for particle detection based on the infrared quantum counter concept. Its operation consists of a two-step excitation process of a four level system, that can be realized in rare earthdoped crystals when a cw pump laser is tuned to the transition from the second to the fourth level. The incident particle raises the atoms of the active material into a low lying, metastable energy state, triggering the absorption of the pump laser to a higher level. Following a rapid non-radiative decay to a fluorescent level, an optical signal is observed with a conventional detectors. In order to demonstrate the feasibility of such a scheme, we have investigated the emission from the fluorescent level 4 S 3/2 (540 nm band) in an Er 3+ -doped YAG crystal pumped by a tunable titanium sapphire laser when it is irradiated with 60 keV electrons delivered by an electron gun. We have obtained a clear signature this excitation increases the 4 I 13/2 metastable level population that can efficiently be exploited to generate a detectable optical signal.
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There is a significant interest in the development of devices for the detection of low rate, low energy deposition events both for dark matter searches 1 and the study of neutrino interactions in condensed matter 2, 3 . A very low value of energy threshold (∼ 0.5 keV) has been reported in semiconductor detectors 4 , or in bolometers, where a few tens of eV events could be detected 5 . Unfortunately, their active mass, a crucial parameter in rare events searches, are also tiniest: in the most sensitive detector only a few grams of material act as a target.
In the present work an all-optical detection scheme is proposed to efficiently convert the incident particle energy into detectable photons. It is based on the infrared quantum counter concept (IRQC), proposed by N. Bloembergen 6 as a way to extend photon detection to the 1 − 100 µm wavelength range. The incident infrared photon is upconverted in a material that exhibits a four energy level system with E 2 > E 3 > E 1 > E 0 , as those determined in wide bandgap materials doped with trivalent rare-earth (RE) ions 7 , and kept under the action of a pump laser source resonant with transition 1 → 2. In analogy with the infrared quantum counter, detection of the particle is then accomplished through the fluorescence photons emitted in the transition 3 → 1 as shown in Fig. 1 .
In contrast to narrow-band, selective detection of infrared photons, a particle that interacts in an optical material gives rise to several phenomena, including energy transfer processes from the host to the RE ion, which can be viewed as wideband excitation for the present purposes. The complex chain of events whereby a particle loses its energy in a material has been systematically investigated for the development of state-of-the-art a) Electronic mail: Caterina.Braggio@unipd.it scintillators [9] [10] [11] [12] . Attention has been paid to the transitions in the visible, UV and near infrared in those studies. Here we want to focus on the fraction of the particle energy that is translated in the excitation of the low energy metastable level 1 indicated in Fig. 1 , that can take place both through the decay of higher levels and directly from the ground state. This is motivated by the assumption that the particle energy loss is a process in which it is much more probable to increase the population of low energy atomic levels than highest ones. Such reasoning is supported by three points:
1. the inelastic scattering of free electrons off bounded electrons is a major process in particle energy loss and is described by the Bethe-Bloch formula that privileges low energy transfer events 13 ;
2. another dominant process is the thermalization of the secondary electrons produced in the interaction that takes place through optical phonon scattering;
3. infrared scintillation in the range 600 − 900 nm has been reported 12 with an intensity in excess of 10 has also been observed in YAG:(10%)Yb 3+ , whose emission peaked around λ = 1.03 µm 14 .
In addition, if we choose a material with a low energy level (E 1 ∼ 10 − 100 meV, corresponding to the wavelength range ∼ 100 − 10 µm) characterized by a long lifetime, such metastable level acts as a resevoir in which the energy of the particle can be stored and converted in fluorescent photons by the pump laser. In view of the previous hypotheses, and provided the efficiency of the upconversion process is high 15, 16 , the proposed scheme has the potential to generate a greater number of information carriers (photons) for a given energy release.
The present work is organized as follows. We first investigate the response of a low concentrated YAG:(0.5%)Er 3+ crystal to an electron gun excitation, which represent our particle signal in Fig. 1 . These preliminary measurements include both the acquisition of cathodoluminesce (CL) spectra and the study of the 4 I 13/2 metastable lifetime. We also estimate the efficiency of the laser-pumped YAG:Er crystal in the counting of photons delivered by a diode laser (λ ≈ 960 nm). The core of the work is the study of the fluorescence stemming from the de-excitation of the 4 S 3/2 level when the particle-excited crystal is continuously pumped by a laser resonant with the transition 4 I 13/2 → 4 S 3/2 . During the CL measurements the YAG:Er crystal, a cylinder of 5 mm diameter and height 3 mm, is mounted at the far end of the electron gun vacuum chamber that is enclosed inside a Pb-shielded cabinet 17 . The main transitions involved in the excitation process can be identified in the spectra shown in Fig. 2 . The visible spectrum is obtained with a CCD spectrometer (Ocean Optics mod. Red Tide 650), whereas the infrared portion 
In the inset we show the infrared spectrum originating from the decay of the 4 I 13/2 metastable level. This manifold around 1.53 µm is widely used for IR lasing 20 . The lifetime of this level is several milliseconds long and weakly depends on the crystal preparation and excitation source. Therefore we have recorded, as shown in Fig. 3 , the time evolution of the fluorescence emitted by the crystal excited with a 2.5 ms-duration electron pulse. The crystal response has been numerically computed by solving a first order kinetic equation for the population of the level excited by the current pulse shown in the figure. We obtain a lifetime value τ = 7.19 ± 0.02 ms, in fair agreement with literature data 21-23 obtained with optical excitation.
To study the IRQC efficiency, we have used as infrared source a 960 nm wavelength diode laser. Upconversion is accomplished by pumping the 4 I 13/2 → 4 S 3/2 transition with a tunable Ti:Al 2 O 3 laser. In Fig. 4 the fluorescence spectrum, obtained with a CCD spectrometer (Ocean Optics mod. Red ), around 540 nm is reported.
We estimate that the IRQC efficiency is of the order of 0.5%):YAG 11,12 . rder to identify the main transitions involved in citation process, the cathodoluminesce (CL) specindicate that a portion of our 540 nm fluorescence band is absorbed in the 3 mm-thick crystal, where the electrons interaction region is limited to about 0.6 mm from the surface while light detection is accomplished on the opposite crystal face. The 540 nm fluorescence band spectrum is shown in detail in Fig. 4 , as obtained by upconversion of infrared light from a diode laser and using a Ti:Sa laser to pump the
III. THE IRQC SCHEME AND PARTICLE DETECTION
The experimental apparatus depicted in Fig. 5 was designed to test the particle detection through the IRQC scheme. Approximately 0.8µ continuous current of 60 keV electrons was sent in the Er:YAG crystal while a Ti:Sa laser pumped the transition 4 I 13/2 ! 4 S 3/2 as shown in the energy level scheme in Fig. ? ?, corresponding to 1 ! 2 in the simplified scheme of Fig. 1 . Pump   FIG. 4 . 540 nm fluorescence spectrum originating from the double resonance with a laser diode at wavelength 960 nm and a Ti:Al2O3 laser.
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−4 with a pump flux of the order of 10 W/cm 2 . Such a low efficiency is related to the properties of the host material, as reported in Ref. 24 .
The experimental apparatus depicted in Fig. 5 was designed to test the particle detection through the IRQC scheme. A few hundred nA continuous current of 60 keV electrons impinges on the YAG:Er crystal while a Ti:Al 2 O 3 laser pumped the transition 4 I 13/2 → 4 S 3/2 as shown in the energy level scheme in Fig. 1 . Pump light was allowed to impinge on the crystal by means of a 1.6 mm diameter multimode fiber. Detection of the 5 . Scheme of the experimental apparatus for particle detection. The output of a tunable Ti:Al2O3 laser is sent through a fiber to pump an YAG:Er crystal irradiated by ∼ 60 keV electrons. In the preliminary measurements, radiation at a wavelength of λ = 960 nm is coupled to the crystal together with the pump radiation in order to study the 540 nm fluorescence band.
fluorescence for the different laser pump wavelengths is accomplished by means of a lock-in amplifier connected to the output of a photomultiplier tube (PMT) and mod- ulation of the intensity of the pump laser. A bandpass filter allows the PMT to collect the total intensity emitted only in the range 540-560 nm. In Fig. 6 the 4 S 3/2 fluorescence intensity is plotted for different wavelengths of the pump laser. The measurement is repeated in the same conditions with the electron gun switched off in order to quantify the contribution of the double resonance with the pump laser only. The interaction of the electrons in the YAG:Er crystal can be discerned due to a 30% increase of the areas under the Lorentzian curves. It is worth noticing that the contribution to the overall fluorescence due to the electrons excitation is geometrically unfavorite as compared to the laser double resonance because of the electron short range in the crystal and of the crystal absorption. Results of the double Lorentzian fit of the data are resumed in Table I. As we apply lock-in techniques through a modulation of the pump signal, it is straightforward that no signal above the PMT threshold is detected when the electron gun is on. The two lines correspond to two well defined transitions 7 between sublevels in the 4 I 13/2 and the 4 S 3/2 manifolds. We have also checked that the fluorescence signal depends linearly on the electron gun current in a range 0.1 − 1.6 µA, as shown in Fig. 7 . It is linear with the pump as well (Fig. 8) , as observed up to the maximum available light intensity (∼ 280 mW).
In conclusion, we have shown that a laser-pumped Er 3+ -doped crystal emits a fluorescence signal in the 540 nm band whose intensity is proportional to the energy deposited in the crystal. To the best of our knowledge, the results presented in this work represent the first demonstration of an IRQC scheme applied to the detection of particles. Such an encouraging result has been obtained in YAG:Er, a crystal that for our purposes cannot be considered as ideal. The optimum crystal is preferably transparent to the pump until a particle interacts in the activated material and deposits its energy in the volume shined by the pump laser. This is not the present case, as shown in Fig. 6 , where a significant fraction of the fluorescence is determined by the double resonance with the pump laser. Moreover, the host crystal (YAG) gives a much weaker IRQC output than in fluoride or tungstate hosts 24 . Another key requirement is the lifetime of the metastable level, and materials characterized by a much longer τ have been recently investigated, such as neodymium doped potassium lead bromide (KPb 2 Br 5 :Nd) in wich τ = 57 ms at 15 K 25 . This material presents another interesting aspect, because of its fluorescence at 1064 nm that decays to the metastable level 4 I 11/2 , offering the possibility to exploit looping cycles to increase the detection sensitivity 26 .
